Abstract. Light transmission and reflection characteristics of metallic prism sheets are investigated based on a geometric optics approach. An analytic method is presented for finding the radiant intensity profiles of light transmitted through and reflected by a single metallic prism sheet for an incident light with arbitrary radiant intensity profile. With a simple interaction model between adjacent prism sheets, the analysis method for a single prism sheet is generalized for analyzing prism sheet layers composed of several prism sheets. Light transmission and reflection characteristics of a single prism sheet and prism sheet layers are compared. It is seen that the metallic prism sheet can be appropriately applicable to transflective devices or brightness enhancement film for liquid crystal displays.
Introduction
Recently, transflective displays have attracted common interests of industry and academy. Transflective display devices have been developed for mobile applications like personal digital assistants ͑PDAs͒ and cellular phones for attaining advantages such as being lighter, more efficient in energy consumption, and lower in cost. Transflective displays use both the ambient light from the environment and the light from the embedded backlight for achieving high energy-consumption efficiency. Liquid crystal transflective displays especially require high performance transflective devices, i.e., transflectors. 1 A requirement of good transflectors is to transmit the light from the backlight and reflect the ambient light maximally. In addition, several functional factors such as brightness enhancement and viewing angle management are also required of transflectors. Transflective structures with these functions are also useful for many other applications as well as for displays.
In this work, light transmission and reflection properties of a periodic metallic prism structure 2, 3 are studied for inspecting its potential for application in a transflector. Figure  1 shows the considered metallic prism structure. Prisms made of highly reflective material are periodically arranged. The solid-lined box indicates a single period of the periodic prism structure. There is a gap between two adjacent prisms. As a result, the empty space between two adjacent prisms has a trapezoidal shape. As seen in Fig. 1 , a light ray propagates along zigzag paths through the gap between adjacent prisms. Because of the asymmetry in the trapezoidal gap structure, the two cases presented in Fig. 1 show somewhat different transmission and reflection characteristics. In the first case, light is incident on the bottom of the trapezoidal gap, and partially reflected and transmitted through the prism sheet. The second case is that light is incident on the ceiling of the trapezoidal gap, and partially reflected and transmitted through the structure. The asymmetry in the structure produces considerable differences in optical characteristics of two cases. For convenience, the former case is referred to as transmission mode and the latter case is referred to as reflection mode. Because of the differences in light transmission and reflection characteristics of the transmission and reflection modes, the metallic prism structure may be used for transflectors.
Light transmission and reflection characteristics of a metallic prism sheet are analyzed based on a geometric optics approach. With a simple model of interaction between adjacent prism sheets, the analysis method for a single prism sheet is generalized to analyze prism sheet layers composed of several prism sheets. Light transmission and reflection characteristics of a single prism sheet and double prism sheet layers are compared.
This work is organized into four sections. In Sec. 2, a geometric optics analysis method of the metallic prism sheet is addressed. In Sec. 3, optical characteristics of a single metallic prism sheet are presented. In Sec. 4, the presented analysis method is extended to layered structures of the structure. Final remarks are given in Sec. 5.
Geometric Optics Analysis Method of the
Metallic Prism Sheet In this section, a geometric optics analysis method of the metallic prism structure is described. It is assumed that the light source illuminating the prism sheets is incoherent and can be completely characterized by radiant intensity profile. 4, 5 For convenience, electromagnetic rigor with re-spect to reflection coefficients and material parameters is neglected. It is assumed that prisms are made of complete conductors so that light with an arbitrary incidence angle and polarization is reflected without loss. A specific ray tracing method is devised for providing an intuitive and fast analytic algorithm useful for understanding a collective behavior of numbers of rays. As indicated in Fig. 2 , the mirrored ray trace ͑indicated by a black line͒ equivalent to the real ray trace ͑indicated by a white line͒ in the trapezoidal gap between two adjacent prisms can be represented as a straight line inside the cylindrical geometry. Figure 2͑a͒ shows that the transversal trace of a ray through the trapezoidal gap between two adjacent prisms is equivalently interpreted as a straight ray through a circularly unfolded extension of the trapezoidal gap, considering the mirror symmetry of the incident and reflective rays at the boundaries. The trapezoidal gap is parametrized by inner circle radius r, outer circle radius R, and central angle of the trapezoidal gap , as indicated in Fig. 2͑a͒ . For convenience, the central angle of the trapezoidal gap is set to =2 / N. Thus, the number of the pieces comprising the complete circle is exactly N. For 3-D analysis, the cylindrical object shown in Fig. 2͑b͒ is used. The real trace of an incident ray traveling in the trapezoidal gap can be described by a straight ray, which passes inside the cylindrical object. With the aid of this geometrical setup, we can analyze the transmission and reflection modes of the metallic prism sheet.
Transmission Mode
As mentioned before, the transmission mode refers to the case that rays are incident from the bottom facet of the trapezoidal gap. In the cylindrical geometry, rays go from the inside of the inner circle with radius of r to the outside of the outer circle with radius of R. In this case, all rays going along any directions can exit the outer circle as indicated in Fig. 3 . Figure 3͑a͒ shows a real ray trace in the trapezoidal gap. The ray starts at the bottom of the trapezoidal gap and propagates along the zigzag path. The motion of the ray can be simply and intuitively analyzed by using the cylindrical extension, as shown in Fig. 3͑b͒ . The trapezoidal gap is a piece of a complete circle that consists of many same pieces of the trapezoidal gap. In the transmission mode, a ray is incident from the bottom of the trapezoidal gap. The ray of the direction vector ͑l , m , n͒ passes an incident position ͑x , ỹ , z͒ on the bottom, where −r sin͑ /2͒ Ͻ x Ͻ r sin͑ /2͒, ỹ = r cos͑ /2͒, and z = 0. The ray equation is given by
The intersection point of the straight ray with the outer circle of radius R can be obtained easily. Doing it enables us to know all information as the direction of the ray exiting the trapezoidal gap, the number of reflections inside the gap, and the exact ray trace. At first, the parameter t at the intersection point is given by
Then from Eq. ͑1͒, the intersection point is given by ͑x,ȳ,z͒ = ͑lt + x,mt + ỹ,nt + z͒. ͑3͒
Let the clockwise directional angle of the vector connecting from the origin to the intersection point with respect to the y axis be denoted by . If 0Յ x and 0 Յ ȳ, the angle of the intersection point from the x axis is given by
If x Ͻ 0 and 0 Յ ȳ, the angle is given by
The case of ȳ Ͻ 0 occurs only in the reflection mode that is explained in the next section. If ȳ Ͻ 0, the angle is obtained as
Let the index m r of the reference area where the ray starts initially be m r = 0. Then the index m e of the exit area where the ray exits the trapezoidal gap is located in the range 
Let the index of the area where the end point of a ray meets the outer circle be defined by
where the square brackets ͓ ͔ represent the nearest integer not greater than. It is noted that if m e = N, m e is effectively equivalent to 0. Hence we can know that the total reflection number of the ray inside the trapezoidal gap is m e . Also, the direction of the exiting ray can be obtained. Then the angle between the center axis of the exit area and that of the reference area is given by 2m e / N. To achieve the exit ray direction, first the center axis of the exit area must be matched to ͑0,1,0͒ by an appropriate counterclockwise rotating transformation of the coordinate. In the rotated coordinate, the exit ray direction vector ͑lЈ , mЈ , nЈ͒ reads as
The longitudinal angle out of the ray direction to the central axis and the azimuth angle out of the ray can be obtained by using the following equation ͑sin out sin out ,sin out cos out ,cos out ͒ = ͑nЈ,lЈ,mЈ͒. ͑10͒ 
Reflection Mode
The reflection mode refers to the case that rays are incident from the ceiling of the trapezoidal gap. In the cylindrical geometry, there are two possibilities, as shown in Fig. 4͑b͒ : a ray goes from the outside of the outer circle and meets the inner circle or meets the outer circle again. The first case means that the ray is transmitted to the bottom of the prism sheet. The second case indicates that the ray is repeatedly reflected inside the structure and eventually goes back to outside the outer circle.
In the case of reflection, the ray does not meet the inner circle. The ray of the direction vector ͑l , m , n͒ passes an incident position ͑x , ỹ , z͒ on the ceiling place, where −R sin͑ /2͒ Ͻ x Ͻ R sin͑ /2͒, ỹ = R cos͑ /2͒, and z = 0. The ray equation is given by ͑x,y,z͒ = ͑lt + x,mt + ỹ,nt + z͒ for m Ͻ 0. ͑11͒
By the same manner as in the previous section, the intersection point of the outer circle and the ray is obtained as
Then the intersection point is given by ͑x,ȳ,z͒ = ͑lt + x,mt + ỹ,nt + z͒. ͑13͒
On the other hand, in the case of transmission, the intersection point of the ray with the inner circle is given as ͑x ± ,ȳ ± ,z ± ͒ = ͑lt ± + x,mt ± + ỹ,nt ± + z͒, ͑14͒
where the parameter t ± is given by
͑15͒
The solution of having a larger y component is selected to get the physical meaning. The area index of the exit area can be found by the same manner stated in the previous section. The index of the area where the end point of a ray meets the outer circle can be obtained by
ͬ .
͑16͒
If m e+ = m e− is satisfied, the ray does not meet the bottom facet of the trapezoidal gap. Thus the ray meets the outer cylinder structure. As a result, the ray is reflected by the structure. If m e+ m e− is satisfied, the ray does meet the bottom facet of the trapezoidal gap. The index m r of the reference area is also set to be m r = 0. By the same manner in the previous section, the exit ray direction ͑lЈ , mЈ , nЈ͒ is obtained by Eq. ͑9͒. It is noted that mЈ is negative in the reflection mode. The longitudinal angle out of the ray di-rection to the central axis and the azimuth angle out of the ray can be obtained by Eq. ͑10͒.
Light Transmission and Reflection
Characteristics of a Single Metallic Prism Sheet With the ray tracing method mentioned in the previous section, the traces of ray bundles with specific radiant intensity profiles can be analyzed. However, we are mainly interested in the radiant intensity profiles of the transmitted and reflected light. In our analysis, the prism sheet is a transformer that transforms an input incoherent diffused light with a specific radiant intensity profile to transmitted light and reflected light with respective radiant intensity profiles. Transmission and reflection rates can be calculated from respective radiant intensity profiles. Since it is assumed that the material of a prism is a perfect conductor, the sum of transmission power rate and reflection power rate is exactly one.
Intuitively, we can see that the reflection and transmission rates in the transmission mode are fixed to ͑1−r / R͒ and r / R, respectively, while the reflection and transmission rates in the reflection mode are highly dependent on the input radiant intensity profile. Figure 5 shows simulation setups of transmission and reflection modes of a single Fig. 8 ͑a͒ Functional dependence of the reflection rate to incidence angle and inner circle radius and ͑b͒ that of the transmission rate to incidence angle and inner circle radius. Fig. 9 ͑a͒ Functional dependence of the reflection rate to incidence angle and central angle , and ͑b͒ that of the transmission rate to incidence angle and central angle . prism sheet. In the transmission mode simulation, a Lambertian light is used as an input light. The radiant intensity profiles of the reflected and transmitted light for prism sheets with several central angles of trapezoidal gap are visualized. In the reflection mode, input light with a narrow radiant intensity profile is used as the input light. Transmission and reflection rates are obtained for input light with several incidence angles.
In the transmission mode, the incident Lambertian light is transformed to light with narrower radiant intensity profiles. Figure 6 presents the transmitted light profiles for prism sheets with several central angles in the transmission mode. In Fig. 6͑a͒ , the radiant intensity profiles of input incident Lambertian light is shown. For prism sheets with several central angles, radiant intensity profiles of the transmitted light are presented in Figs. 6͑b͒ through 6͑f͒. The inner circle radius r and outer circle radius R are set to 0.3 and 1, respectively. As the central angle becomes smaller, the width of the radiant intensity profile decreases. The radiant intensity profile of the transmitted light can be adjusted by controlling the height and the central angle of the trapezoidal gap.
In the reflection mode simulation, the input light with radiant intensity profile of a narrow cone shape is incident on the prism sheet. The reflection and transmission rates are inspected for several values of incidence angle. Figure 7 shows two distinctive radiant intensity profiles of illuminating light source. Figure 7͑a͒ shows the input radiant intensity profile with incidence angle of 0 ͑deg͒. The radiant intensity profiles of the reflected and transmitted light are presented in Figs. 7͑b͒ and 7͑c͒ , respectively. Figure 7͑d͒ shows the input radiant intensity profile with incidence angle of 45 ͑deg͒. The radiant intensity profiles of the reflected and transmitted light are shown in Figs. 7͑e͒ and 7͑f͒, respectively. In Fig. 6 , it is indicated that the patterns of the radiant intensity profiles, the transmission rates, and the reflection rates of two cases are different and varied for the incidence angle of the input light.
Also, the reflection and transmission rates with the incidence angle are varied for the structural parameters as the ratio of r and R, and the central angle . These relationships are plotted in Figs. 8 and 9 . Figure 8 shows that the functional relationship of the reflection and transmission rates to the incidence angle and the structural parameter r ͑R =1͒. The incidence angle of the input light is defined as the peak point of the radiant intensity profile of the input light. Because of the assumption of no loss, the sum of the reflection and transmission rates is one. As the incidence angle goes to zero, the reflection rate decreases monotonically and reaches the minimum value at the incidence angle of zero. As the aperture opens wider, the reflection rate decreases. Since the input light has wide spatial frequencies, i.e., wide radiant intensity profile, the reflection rate is slightly smaller than the ratio of r / R.
In Fig. 9 , the reflection and transmission rates are plotted for several values of the central angle of the trapezoidal gap with r fixed to 0.3. The dependency of the reflection rate on the central angle of the trapezoidal gap is weaker than that on the structural parameter r / R. The reflection and transmission rates in the reflection mode is somewhat insensitive to the variation in the central angle, while the radiant intensity profile of the transmitted light in the transmission mode is strongly dependent on the central angle of the trapezoidal gap, as shown in Fig. 6 . This point indicates that the central angle of the trapezoidal gap is a meaningful design factor. The central angle is adjusted to modify the radiant intensity profile of the transmitted light in the transmission mode without considerable loss of reflection rate in the reflection mode.
The metallic prism sheet can highly reflect the ambient light with oblique incidence angle and transmit the incoming Lambertian light incident on the bottom facet of the prism sheet with transmission rate of r / R. In practice, when the metallic prism sheet should be attached between the backlight unit and LC cells in practical LCDs, by the recycle mechanism of the backlight unit, the real transmission rate is greater than aperture coverage r / R. These be- haviors of the metallic prism sheet show considerable potential for its application to transflective devices.
Characteristics of a Crossed Double Prism Sheet Layer In this section, the geometric optics analysis method presented in Sec. 2 is generalized to analyze multiple layer structures of metallic prism sheets. An intuitive interaction model of each prism sheet comprising the layer is described. By using the generalized analysis method, light transmission and reflection characteristics of double prism sheets are studied. The simulation setups of double prism sheets are similar to those of the single prism sheet. Figure  10 shows the simulation setups of transmission and reflection modes of a double prism sheet layer. In the transmission mode simulation, a Lambertian light is used as an input light. The radiant intensity profiles of the reflected and transmitted light for prism sheets with several central angles are visualized. In the reflection mode, a light with narrow radiant intensity profile is used as the input light. Transmission and reflection rates are obtained for input light with several incidence angles.
For the double prism layer, the transmission rate in the transmission mode is not simply given by r / R because of multiple reflections in the space between the upper prism sheet and lower prism sheet. The multiple reflections between two prism sheets can be simply modeled by a recursive process as addressed in Fig. 11. In Fig. 11 , the recursive multiple reflection processes in the reflection mode and transmission modes are presented. The functions, reflection_mode1 and transmission_mode1, are to calculate the radiant intensity profiles of the reflected and transmitted light in the reflection and transmission modes of the lower prism sheet, respectively. Similarly, the functions reflection_mode2 and transmission_mode2 are to calculate the radiant intensity profiles of the reflected and transmitted light in the reflection and transmission modes of the upper prism sheet, respectively.
By using the analysis method, we first consider the radiant intensity profile of the transmitted light in the transmission mode. Figures 12͑a͒ and 12͑b͒ show the radiant intensity profiles of the transmitted and reflected light, respectively. As compared with the results of Fig. 6 , the radiant intensity profile in Fig. 12͑a͒ shows that the light energy is condensed near the normal direction ͓the center in Fig. 12͑a͔͒ . This behavior is due to the crossed prism sheet geometry and is similar to that of the brightness enhancement film ͑BEF͒ of 3M. 4 Thus the metallic prism sheet would be potentially used for brightness enhancement and viewing angle management for LCDs. In the reflection mode simulation, the input light with the same radiant intensity profile of a narrow cone shape is incident on the prism sheet. The reflection and transmission rates are inspected for several values of incidence angle. Figure 13 shows two distinctive radiant intensity profiles of illuminating light source. Figure 13͑a͒ shows the input radiant intensity profile with incidence angle of 0͑deg͒. The radiant intensity profiles of the reflected and transmitted light are presented in Figs. 13͑b͒ and 13͑c͒ , respectively. Figure  13͑d͒ shows the input radiant intensity profile with incidence angle of 45͑deg͒. The radiant intensity profiles of the reflected and transmitted light are shown in Figs. 13͑e͒ and 13͑f͒, respectively. Comparing the results with those of the single prism sheet shown in Fig. 7 , the effect of the multiple reflections between two prism sheets is reflected in the radiant intensity patterns. Figure 14 shows a comparison of the reflection and transmission rates of a single prism sheet and crossed double prism sheet in the reflection mode. The central angle and the inner radius are set to = / 8 and r = 0.3, respectively. In the reflection mode, the multiple reflections between two prism sheets and the crossed geometry lead to a slight increase in the reflection rate. The dependence of the reflection rate of the crossed double prism sheet on the incidence angle is similar to that of the single prism sheet.
Conclusion
A geometric optics analysis method for analyzing light transmission and reflection characteristics of a metallic prism sheet is presented. It is inspected that the metallic prism sheet can be appropriately applicable to transflective devices or brightness enhancement film for LCDs. It is shown that the central angle of the trapezoidal gap can be adjusted to modify the radiant intensity profile of the transmitted light in the transmission mode without considerable loss of reflection rate in the reflection mode. Also, the crossed double prism sheet layer can condense the light near the normal direction more strongly. The metallic prism sheet can highly reflect the ambient light with an oblique incidence angle, and transmit the incoming Lambertian light incident on the bottom facet of the prism sheet with a transmission rate of r / R. In practice, when the metallic prism sheet should be attached between the backlight unit and LC cells in practical LCDs, by the recycle mechanism of the backlight unit, the real transmission rate is greater than aperture coverage r / R. Conclusively, it is expected that the metallic prism sheet can be an appropriate structure for transflective devices for transflective displays.
